Introduction
Many of the diseases afflicting people today are attributable to oxidative stress that results from an imbalance between formation and neutralization of free radicals [1] . Free radicals, which are produced both endogenously and exogenously in living cells, initiate oxidative stress when they seek stability through electron pairing with biological macromolecules such as lipids, proteins, DNA and cofactors of many enzymes in healthy human cells. These activities cause lipid peroxidation, protein and DNA damage which contribute to numerous pathological disturbances including cancer, atherosclerosis, cardiovascular diseases, ageing and inflammatory diseases [2] . Much as all human cells protect themselves against free radical damage by S93 antioxidant enzymes like superoxide dismutase, and catalase or compounds such as ascorbic acid, tocopherol and glutathione, in some cases, various pathological processes disrupt these protective mechanisms and natural antioxidant supplements from plants, which are presumed safer against synthetic antioxidants, are vital to combat oxidative damage.
Plants are a valuable source of natural antioxidants and constitute an important source of active natural products, many of which are used as additives in functional foods or bioactive components in pharmaceutical preparations. Various phytochemical constituents of plants, especially vitamins and polyphenols such as flavonoids, phenolic acids, phenyl propanoids, tannins, etc., are known to be responsible for the free radical scavenging antioxidant activities of plants [3] . The need to optimize plant factories for sourcing natural antioxidants from the diverse medicinal and culinary plants that nature endowed us with has been strongly emphasized [4] . In Nigeria, for example, many indigenous plants have been screened for antioxidant potentials, and interestingly, even some neglected and underutilized species have shown promise as sources for cheap natural antioxidants [5, 6] .
Artemisia annua L. (A. annua), commonly called annual wormwood, and belonging to the family Asteraceae, is a medicinal plant native to temperate Asia but has presently naturalized throughout the world. It has been recently introduced for commercial cultivation in Nigeria [7] . The plant has been scientifically revealed to contain a rich portfolio of bioactive compounds including polyphenols and exhibits a wide range of pharmacological properties including antimalarial, antimicrobial, antiparasitic, and antiviral activities [8] . Artemisinin, one of the most important of the several compounds produced by the plant, is highly potent and efficacious against multidrug resistant strains of malarial parasites and has also displayed unique pharmacological activities against a wide range of parasitic organisms, a number of viruses and tumour [9] . Quite recently, A. annua tea infusion has been scientifically proven to show a remarkable anti-HIV activity in vitro [10] .
A. annua tissues (such as the leaves, inflorescence, and stems) have shown great promise as good reservoirs of nutrients and antioxidants, with very minimal antinutritive factors which might favour their use as potential herbal tonic by humans or an important supplementary feed additive for livestock production systems [11] . This finding, coupled with the remarkably high amounts of phenols and flavonoids contained in the plant, is a significant pointer to its potential antioxidant activity. This is due to the chemical nature of these phytochemicals (phenols and flavonoids) which makes them strong reducing agents.
In an effort to further examine the phyto-protective potential of A. annua as a natural antioxidant in the global effort to combat free radicals damage and also justify the wide adaptability of the crop in different parts of the world, the current study was aimed at screening four solvent extracts of the plant for their antioxidant activities in selected in vitro assay systems. 
Materials and methods

Plant material and extraction
Chemicals
Folin and Ciocalteau's phenol reagent and trichloroacetic acid were purchased from Qualikems Fine Chemical Pvt. Ltd., New Delhi, India; gallic acid monohydrate from Kem Light Laboratories Pvt. Ltd., Mumbai, India while rutin was purchased from Aldrich Company Inc., USA. Solvents and other chemicals used for this study were of the highest analytical grade, while water was glass distilled.
Preparation of A. annua extracts and standard reference stock solutions
A small quantity (0.3 g) of each concentrated extract and standard references (ascorbic acid and rutin) was accurately weighed and dissolved in 100 mL of distilled water to make a sample stock solution of 3 000 µg/mL. Working concentrations of each sample were subsequently prepared as desired by appropriate dilutions.
Determination of antioxidant activity in linoleic acid system
The antioxidant activity of A. annua extracts was determined in this assay by measuring the extent of oxidation of linoleic acid using the ferric thiocyanate method [12] . Rutin was used as positive control.
Inhibition of hydrogen peroxide-induced erythrocytes haemolysis
Antioxidant activity of A. annua extracts was determined in this assay as percentage inhibition of erythrocytes haemolysis with hydrogen peroxide as a free radical initiator [13] .
Hydroxyl radical scavenging assay
The hydroxyl radical scavenging activity of A. annua extracts was determined in this assay by the Fenton reaction using the ortho-phenanthroline method [14] .
Nitric oxide scavenging activity
The nitric oxide scavenging ability of A. annua extracts was determined using Griess reaction method [15] .
Hydrogen peroxide scavenging activity
The hydrogen peroxide scavenging activity of A. annua extracts was determined using the UV spectrophotometric method [16] .
Statistical analysis
The experiment was laid out in a factorial arrangement and IC 50 values where calculated, were obtained from a linear curve of percentage of scavenging activity versus sample concentration. Data were analyzed using analysis of variance (ANOVA). All measurements were replicated three times and results expressed as means依SE. Significant means were separated using the least significant difference analysis.
Results
Inhibition of linoleic acid (lipid) peroxidation
The inhibition (%) of linoleic acid peroxidation by the extracts of A. annua leaves, ascorbic acid and rutin, after 360 h incubation is shown in Values are presented as mean依SE.
From Figure 1 , it is evident that lipid peroxidation inhibition activities of all the test samples initially dropped from the 24th to 48th hour of incubation, before maintaining a gradual rise up until the end of the incubation period (360th hour). 
Inhibition of erythrocytes haemolysis induced by hydrogen peroxide
The inhibition (%) of hydrogen peroxide-induced erythrocyte haemolysis by A. annua extracts and reference compounds is shown in Table 2 . This ranged from 40.00% to 71.21%. Among the various treatments, the methanol:water extract showed the highest inhibition (49.91%) of erythrocyte haemolysis, though this did not differ significantly (P>0.05) from that of ethanol:water (46.54%). Absolute methanol and ethanol extracts showed significantly lower (P<0.05) inhibition of erythrocyte haemolysis (43.18% and 40.00%), respectively. These values, however, were significantly lower than those of ascorbic acid and rutin (71.21% and 63.55%, respectively) used as standard references. Generally, the extracts and reference compounds showed a dosedependent increase in inhibition percentage from 50-250 µg/ mL (Figure 2 ). 
Hydroxyl radical scavenging activity
The hydroxyl radical scavenging activities (expressed as IC 50 ) of A. annua extracts, ascorbic acid and rutin as shown in Table 3 ranged from 2.39-4.53 mg/mL. Amongst the extracts, methanol:water showed the highest scavenging activity with the lowest IC 50 value (IC 50 =2.39 mg/mL), which did not differ significantly (P>0.05) from those of ethanol:water and absolute methanol extracts (IC 50 values are 2.76 mg/mL and 3.02 mg/mL, respectively). Absolute ethanol extracts had the least scavenging activity (IC 50 =3.81 mg/ mL), which was not significantly different (P>0.05) from the scavenging activities of ascorbic acid and rutin (IC 50 values are 3.98 mg/mL and 4.53 mg/mL, respectively). Generally, the hydroxyl radical scavenging activities of the extracts which were superior to those of the reference compounds (ascorbic acid and rutin) followed a dose dependent pattern (increased with increasing doses from 0.5-2.5 mg/mL), as evident from 
Nitric oxide scavenging activity
The nitric oxide scavenging activities of the A. annua extracts and rutin, expressed as IC 50 values are presented in Table 3 and ranged from 22 
Hydrogen peroxide scavenging activity
The hydrogen peroxide scavenging activities (IC 50 ) of A. annua extracts and reference compounds are shown in Table 3 and ranged from 9.60-53.20 µg/mL. Amongst the extracts, methanol:water showed the highest scavenging activity (IC 50 =28.53 µg/mL), followed by ethanol:water (IC 50 =34.29 µg/mL). Absolute methanol and absolute ethanol extracts showed significantly lower (P<0.05) scavenging activity than the aqueous organic solvent extracts though this did not differ significantly (P>0.05) from each other (IC 50 values are 53.04 µg/mL and 53.20 µg/mL, respectively). However, ascorbic acid and rutin showed significantly higher (P<0.05) scavenging activities (IC 50 values are 9 .60 µg/mL and 17.23 µg/mL, respectively) than all the extracts. Again, generally, hydrogen peroxide scavenging activities of all the test samples maintained a dose dependent increase from 20-100 µg/mL ( Figure 5 ). 
Discussion
A. annua ranks high among medicinal plants having the capacity to offer phyto-protective activity against numerous diseases of humans and animals. This potential is conferred on it undoubtedly by its rich portfolio of medicinally important bioactive compounds including several sesquiterpenoids and antioxidants. The concerted global search for naturally-occurring antioxidants to replace the widely criticized synthetic counterparts in combating free radical damage has again drawn our attention to this seemingly innocuous yet highly versatile plant whose high amounts of phenols and flavonoids may lend credence to its potent antioxidant capacity.
The ferric thiocyanate method is commonly used to evaluate the antioxidant activity in food and biological systems. It [17] , thus serving as a possible evidence to the potency of the plant in conferring protection to human cells against free-radical induced peroxidation of lipids. Lipids such as free and ester forms of polyunsaturated fatty acids and cholesterol are vulnerable targets of free radicals [18] . Lipid peroxidation can be stimulated by transition metals such as iron through the Fenton reaction, and can be accelerated when the iron decomposes lipid peroxides into peroxyl and alkoxyl radicals that can perpetuate the chain reaction. Peroxidation of lipids has been reported to induce disturbance and alteration of biological membranes, and many studies have shown the association between free radical mediated lipid peroxidation products and the progress of diseases [19] . The ability of A. annua leaf extracts to inhibit haemolysis of erythrocytes induced by hydrogen peroxide is another pointer to its possible protective effect against red blood cell damage by appreciably downregulating oxidative damages done to these cells due to the activities of free radicals, particularly reactive oxygen species. This confirms, invariably, the reducing potential of the plant material. Interestingly, it has been observed that a good antioxidant must act as a good reducing agent. Again, the better inhibition activity of the aqueous solvent extracts against the absolute counterparts may be explained as consequent on the more efficient extraction of antioxidant compounds by the more polarized aqueous solvent mixtures. Hydrogen peroxide is a weak oxidizing agent and can inactivate a few enzymes directly, usually by oxidation of essential thiol (-SH) groups. Hydrogen peroxide crosses cell membranes and reacts with ferric and copper ions, which shows toxic effects. Erythrocytes (red blood cells) have been used extensively used to study oxidative damages. The red blood cell is unique among cells in that it combines very large concentrations of both iron (haemoglobin) and oxygen. This potentially dangerous combination of oxygen and iron within the red blood cells makes it powerful promoters of oxidative processes. Red blood cells are extremely susceptible to oxidative damages to polyunsaturated fatty acids of their membranes.
A. annua leaf extracts scavenged hydroxyl radicals at the tested concentrations in a dose dependent manner and interestingly, superior to the reference compounds used. The hydroxyl radical is a highly reactive oxidizing species that can be generated by some metal catalyzed oxidation reactions, for example, the interaction of hydrogen peroxide (H 2 O 2 ) and superoxide radicals in the presence of certain transition metal ions [20] . The hydroxyl radicals produced through such metal catalyzed oxidation reactions are the major active oxygen species that cause peroxidation of membrane lipids, attack all proteins and any biomolecule they touch, causing enormous biological damage. In in vitro studies, hydroxyl radicals are usually generated via the Fenton reaction ( . The hydroxyl radical produced can then be determined due to a change in absorbance. The ability of A. annua extracts to scavenge hydroxyl radicals better than ascorbic acid and rutin used as references in this study may be an interestingly clear signal that they may also prevent bio membranes and bio molecules from being attacked by free radicals.
Nitric oxide is a small gas molecule made by many different cells, which functions in hormone regulation and control of blood pressure [21] . Sustained levels of production of this gas make it a radical that is directly toxic to tissues and contribute to the vascular collapse associated with septic shock, whereas chronic expression ( excess generation) of nitric oxide radical in the human body is associated with various carcinomas and inflammatory conditions including juvenile diabetes, multiple sclerosis, arthritis and ulcerative colitis [22] . The results of this study is indicative that A. annua extracts, though not comparable with standard rutin, were able to inhibit nitrite formation by directly competing with oxygen in the reaction with nitric oxide. This may therefore be a pointer to the fact that the plant extracts may have the property to counteract the effect of nitric oxide formation and consequently, could potentially be beneficial against excessive nitric oxide generation in the human body which has attendant health consequences. Scavenging of hydrogen peroxide by the plant extracts has been partly attributed to their phenolics, which can donate electrons to H 2 O 2 , thus neutralizing it to water. The A. annua extracts used in the current study were capable of scavenging hydrogen peroxide in a concentrationdependent manner. Hydrogen peroxide is mildly toxic but can potentially cause cytotoxicity through production of highly reactive hydroxyl radicals when it reacts with Fe 2+ and possibly Cu 2+ ions on crossing cell membranes. The ability of the tested extracts to scavenge H 2 O 2 makes them potentially useful in biological and food systems.
On the basis of the results presented in this study, it can be concluded that leaf extracts of A. annua exhibited very good but varying levels of antioxidant activities in all the models studied. This provides evidence to the potency of the plant as a natural source of antioxidants that can be exploited for use as industrial raw materials for the production of functional nutraceuticals. It also brings to light the efficiency of aqueous organic solvent extraction for recovery of maximum antioxidant compounds and obtaining potent antioxidant activities in A. annua leaves. However, further research is needed to test the plant material in vivo and identify individual components forming antioxidant system in the plant for their development as products for food and pharmaceutical industries.
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Comments
Background
Free radicals pose serious health challenges globally by causing oxidative damage to healthy human cells. Antioxidants are molecules that can safely interact with these radicals and down-regulate their hazardous effect. From the point of view of safety, natural antioxidants of plant origin are advocated for use in combating the myriad of pathological disturbances induced by free radicals.
Research frontiers
In vitro screening of plant extracts for natural antioxidant potential is considered a vital preliminary step towards unraveling good candidates for possible pharmaceutical and nutraceutical exploitation. The present study highlights the natural antioxidant potentials of different solvent extracts of A. annua-an antimalarial plant recently introduced into Africa.
Related reports
A. annua tissues (such as the leaves, inflorescence, and stems) have shown great promise as good reservoirs of nutrients and antioxidants, with very minimal antinutritive factors which might favour their use as potential herbal tonic by humans or an important supplementary feed additive for livestock production systems.
Innovations and breakthroughs
A. annua is an important medicinal plant widely used for the treatment of malaria and other diseases especially in Africa. In the present study, authors have demonstrated the use of A. annua leaf extract to remove free radicals intermediates, which can cause damage and death to cells.
Applications
A. annua is at the centre of interest in Africa due to its efficacy in the treatment of malaria. The results of this study suggest that the plant is quite adapted to African climate and can be of additional antioxidant benefits (especially when extracted with alcohol:water mixture) especially for people who drink the extract as tea. Its inclusion into animal diet would likely boost the antioxidant principles.
Peer review
This is a good study in which authors examined the phyto-protective potential of A. annua as a natural antioxidant to combat free radicals damage in selected in vitro assay systems by screening four solvent leaves extracts of the plant. The extracts remarkably inhibited lipid peroxidation and erythrocyte haemolysis. Among the solvents used, 70% alcohol extracts showed better antioxidant activity than the others.
